Abstract-The work presented follows an initial study into a method for the 3-dimensional (3D) scanning of an electrical contact surface, while in physical contact with a glass plane. The method allows the measurement of contact force and the associated contact area in contact with the glass. A new test apparatus is presented which allows improved control of the contact force and improved analysis of the contact area. The materials investigated include Ag and Cu contact surfaces and a multi-walled carbon nano-tube-Au composite surface.
INTRODUCTION
The interaction of surfaces is of major importance to a large number of applications, including friction, tribology, fretting, contact mechanics, and electrical contact phenomena. The key parameter that links these diverse applications is the real area of contact between the surfaces. In the electrical contact application where contact resistance is the main parameter the contact area is further reduced by the conducting contact area which is a fraction of the actual contact area. The contact area can be determined through mathematical models of interactions, however this generally involves simplifications to provide tractable solutions; for example a contact spot can be assumed to be of spherical cross section.
The determination of a real measured contact area is difficult. The elusive nature of the measured contact area is caused by the difficulty in determining a parameter of real surfaces which is hidden from the viewer by the nature of the surface interaction. However recent advances in instrumentation now allow for some evaluation of the these interactions. Under high forces (>10 N) micro-computed tomography systems can be used to investigate the contact regions, but the method is limited by a pixel resolution of 10µm, [1] . New developments in the area are expected to offer sub-micron resolutions. Under the low force conditions (typically <0.1N) used here a con-focal laser system is used, allowing sub-micron pixel resolution; however the contact surface can only be measured through a glass plane. This study follows a recent investigation of the contact area problem as an interaction between a glass plane and a real electrical contact surface, [2] . The methodology used is enhanced here and linked to a study on a new type of surface introduced as a carbon-nano tube composite material, where gold is used as a fill between a multi-walled carbon-nano tube structure, [3, 4] .
A. Mechanical and Electrical Contact Interactions
Conventionally a contact surface is assumed to be governed by random processes and the associated statistical analysis of these asperity based models is well documented, [5] [6] [7] . The statistical approach is limited on the dependence of the sampling length and the resolution of the measurement instrument. For this reason Fractal models of the interaction between surfaces have been developed. [8, 9] . In all of the above theories there is little evidence on the measurements of actual contact surfaces, other than the conventional 2D scans of surfaces generated with stylus based instruments.
The basic elastic contact model or asperity based model was introduced by Greenwood and Williamson (GW model), [5] . The model assumes a number of asperities with identical curvature, where the heights of the summits have a Gaussian distribution. The interactions of the asperities are modeled under elastic conditions according to Hertz theory. There have been a large number of studies extending the model and in comparing the GW model with other approaches. In [10] the GW model was adapted to include both elastic and plastic deformations. However the newer models all approximate to the GW model. In this paper we will use the GW model, linked to real surface measurements to compare the measured contact area with that predicted by the GW model. The link to contact resistance is generally stated in the Holm equation [11] , where the 'a' spot, (point of electrical contacts) is assumed to be circular and a single point contact. The Holm equation can be modified to account for noncircular, for example elliptical form factors, and also to account for a number of these ideal contact points within a single cluster [12] . However the link to contact resistance is not considered here. The study will be extended in future studies to include a conduction film on the glass plane. The study presented here allows for the investigation of the relationship between the contact force and the area of contact.
II. EXPERIMENTAL METHODS

A. Measurement System
The system used for this study is the XYRIS 4000CL, [13] using a con-focal laser for the measurement of the contact surface. The outline of the system is shown schematically in Fig.1 , with table 1 providing the specification for the system. The system has an improved force stability and improved X,Y resolution over the previous study, [2] . The system is characterized with the sensor in the vertical (Z) axis and a sample being scanned in the X,Y plane. The sensor selected for this application has the ability to measure features below the light spot size. This is achieved by moving the sensor in the X,Y plane, and the sensor returning a value which is the average height at that position. With reference to Fig.1 , the electrical contact surface is mounted upon a spring which is connected to a force sensor. The electrical contact is constrained such that it can only move in the vertical (Z) direction. The contact force is applied by a glass surface which acts upon the electrical contact surface. The force is controlled by the positioning of the glass plane. The system is limited to forces below 1N.
The optical method used allows the surface of the contact to be measured through the glass surface. The con-focal laser system used has the ability to determine multiple surfaces simultaneously. This is shown in Fig.2 where a measurement on the carbon-nanotube (CNT) surface shows a measurement line for the bottom of the glass plane (upper line), while the height measured (-8.17µm ) is for the top of the CNT surface (lower line). There are 5 modes of measurement. With the nature of the multiple surface measurements used in this study, modes 2 and 3 can result in potential errors when only a single surface is returned, for example when the surface are in contact. For the metallic surfaces studies mode 1 is used while for the CNT surfaces mode 3 and 5 have been used.
In order to detect the points of contact the alignment between the glass plane and the surface needs to be determined. This is shown in Fig 3, where the glass plane has an exaggerated incline. A measurement of the bottom of the glass plane prior to the surface measurement allows the plane to be defined, and then subtracted from the measurement of the contact surface. This acts to align the two surfaces, and identify the highest peaks (points of contact) relative to the glass plane. In Fig.3 it is apparent that point C is the peak of the surface however this point is not in contact with the glass as the glass has an incline. By determining the plane of the glass plane this can be removed from the measured surface to show A and B as the points of contact. 
B. Measurement method
In a previous study a number of measurement areas, and X,Y grid resolutions ( x, y) were considered; 0.3mm x 0.3mm, 1µm grid ( x, y), to identify the structure of the peaks within 
C. Contact Mechanics Model
The surfaces are analysed using a commercial software package BODDIES TM Contact Mechanics, designed to provide parameters for the GW contact mechanics model. We define the peak as a cell which is also a single asperity. The software provides the following parameters, relative to a user defined slice level (Z), defined in (ii) The X,Y grid position of the cell or peak.
(iii) The height of the asperity or peak above the defined cut-off plane. (Z).
(iv) The X and Y curvature of the peak at position x,y is based on the following analysis, [14] .
x Curvature in X = (2 z x-1,y -z x,y -z x+1,y ) / x. y K y Curvature in Y = (2 z x,y-1 -z x,y -z x,y+1 ) / x. y (v) The projected area of each peak or asperity (vi) From the parameters for the individual peaks, the following terms are also derived. Average Peak Height, Std Dev. of Height ( ), Average Curvature (K), Average Area, and Total Area.
The link to the GW model can be determined by assuming an exponential probability function and elastic deforming asperities, [14] ; 
D. Optical Features of the Surface
It is critical that the surfaces measured are a true measurement of the surface features. In a previous study the areas of contact were defined by defining a slice level (Z), as in Fig.4 . To determine the surface area in contact with the glass, the slice level is defined as that level at which there are a minimum of 3 clearly defined areas of contact, which are separated by a reasonable distance, [2] ; consideration was not given to the slope of the glass plane, and it was assumed that the measured surface was a true measurement of the surface features. Recent studies of optical methods for precision metrology have shown that very small (<1µm) features can produces errors in surface data, [15] , where edge features and areas of high slope can result in the so called "bat-wing" effect. This results in a measurement which is an artefact of the A B C
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Top of CNT surface Laser Spot Z surface and not the real surface. To investigate this further a number of initial studies have been completed on reference surfaces. A standard artefact has been used which corresponds to that used in a study of the interaction of white light using interferometry, [15] . Fig. 5 , show a measurement of the artefact using the con-focal laser. The cross section of the data shows that an edge/step feature of 0.184µm can cause a peak in the laser output of 1µm. Thus surfaces with high levels of slope will result in artefacts which are not apparent in the real surface. This is further emphasised in the study of a Ag contact, shown in Fig 6 measured by the laser system and in Fig 7, with an AFM. The images show that a hole in the Ag surface apparent in the AFM image can appear a spike or peak in the laser scan. The AFM system cannot be used to determine the surface in contact with the glass as the method is essentially stylus based. To overcome the potential errors when using the optical based approach, it is essential that the surfaces study must be nominally smooth and without defects or scratches. 
E. CNT surfaces and surface prepatation
A number of types of Carbon-Nano-Tube surface have been investigated for potential electrical and thermal contact applications. In [3] , three contact pairs were investigated in a nano-indenter for an evaluation of the contact resistance with applied contact force. The geometry selected was a 2mm diameter hemisphere contacting a flat surface. The hemisphere consists of a stainless steel base, sputter coated with Au, 500 nm thick, with surface roughness R a 400nm. Sample 1: Au to Au, Sample 2: Au to multi walled carbon nano-tubes (MWNT) and Sample 3: Au to Au/MWNT composite. Sample type 3 has been further investigated as a potential material for low current switching applications, [4] . The composite structure has shown a stable level of contact resistance over a large number of switching cycles. To investigate the contact mechanics properties of these new types of surface, samples were prepared on a Si substrate. The sample used is shown in Fig.8 , it shows the Au film penetrating to a depth of approximately 3.6µm. The Carbon fibres are approximately 50 µm high. Fig. 9 shows a Cu surface with nominal radius 2.5mm the surface is measured over 0.2x0.2mm, and shows the peaks of the surface. The surface has not been loaded and is therefore expected to show a large number of peaks. The 2D section corresponds to the line in the plan view. The surface is shown to be curved with a number of peaks of low spatial resolution, for example 4 peaks are identified in the figure.
A. Cu Surface without the glass plane.
The results in Fig's 10 and 11 show that the curvature of the surface peaks will be a function of the slice levels used, since the SD ( ) of the surface remains roughly constant. As expected the number of peaks detected will depend upon the slice level used. To determine the influence of the glass plane in contact with the surface, a nominal force of 91.6mN is applied. Prior to the study the surface has undergone a number of loading and unloading cycles which will have plastically deformed the surface. This process allows for the smoothing of any surface peaks as evidenced in the new surface shown in Fig.9 . The results of the cell analysis are shown in Fig 12. The results show that after loading the peaks have been deformed such that predicted average contact pressure is higher and reduces with the selected slice level. We are now able to compare the predicted contact area with the measured contact area, for the selected surface, given the modulus E for Cu of 115 GPa, if we assume E* is approximately E (Cu). The predicted contact area is of the order 0.1µm 
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The results for the unloaded CNT composite surface in Fig  13 and 14 , show a similar p/E* relationship with similar values to those obtained for the Cu surface. The results for the loaded CNT composite surface are shown in Fig 15. The cross section of data in Fig.15 shows a significant problem with the results for the CNT-Au composite surface. The mode 5 measurement allows the detection of the surface closest to the sensor, this should be the glass plane, however it is clear from the data that although the glass plane is detected as shown in the figure, the points at which there is contact or close contact between the CNT-Au surface and the glass, results in a change in the refractive nature of the glass, and shows data within the glass plane, i.e values above those for the glass bottom. It is therefore assumed that even at the low force level used that the CNT-Au composite is deforming to the applied force. An analysis of the contact area (at a slice level of 35.48µm), has shown an area of 33.87µm 2 , for a 0.5µm grid for the area measured in Fig.15 . A reduction of the slice level to 6.5µm, provides an apparent contact area of approximately 10%.
IV. DISCUSSION AND CONCLUSIONS
A. The measurment process
The results presented here follow on from an initial study [2] , where it was assumed that the peaks determined by the laser measurement system were real peaks in the contact surface. The results presented here suggest that the measurement process, although an improvement over the initial study; is subject to a number of as yet un-accounted for errors. The first can be identified in the results shown in Fig's 6 and 7 which show that steep changes in the surface features, such as holes or crakes can appear as peaks in the surface map. This is a result of the interaction between features comparable to the wavelength of the light used (0.67µm). The second source of error appears to be the interaction between the surfaces and the glass plane. This is most obvious in the study of the CNT-Au composite surface where the peaks in the contact surface appear to be within the glass plane, (Fig.16) , similar results have been noticed in the loaded Cu surfaces. These results are apparent after close consideration has been given to the alignment of the glass plane and the measured surface.
As a result of these observations it recommended that future studies should use carefully selected metallic surfaces which are free from surface flaws; and that for future studies on the CNT type surfaces will require samples that are manufactures on a hemi-spherical substrate. An alternative strategy is to use a curved glass surface, but this will have additional influences on the optical path which will need to be accounted for.
B. The link to established models on Contact Mechanics.
The results presented are an initial investigation of the application of a GW [5] , type model to real 3D surface measurement of loaded surfaces. The results show how the model can be applied to an unloaded surface in Fig's 10 and  14 , for metallic and CNT-Au surface respectively. The model is applied by the application of the non-dimensional p/E* term defined in Eq (1). The results in Fig's 10 and 14 show two major observations. Firstly the magnitude of the p/E* term is much higher than expected, suggesting that the average contact pressure p, would be above the yield stress for the surface materials used. Secondly that the pressure term is dependant upon the slice level selected for the analysis. This implication here is that the curvature of the peaks is a function of the slice level selected, although there appears to be no fixed relation between the two materials used. The analysis method developed is thought to be the first attempt at combining an asperity based model to real 3D surface data for the materials selected.
C. Contact Materials
The two materials selected for this study represent the traditional and a potential novel electrical contact material. The results have shown that the compliance of the CNT-Au surface, shown here by the high apparent contact area measured at low forces has the potential to form a stable electrical contact material for micro-electronic application. The results concur with the observation made on these new materials in [3] and [4] , showing a large contact area for low contact force.
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